Diffusion of toluene and 2-methylnaphthalene, in hexane solutions, through amorphous, d e and b films of syndiotactic polystyrene (sPS) is investigated. The diffusivity for the transport of toluene (amorphous4d e -sPS4b-sPS) is inversely proportional to the crystallinity. Flux in the non-crystalline region ( N am sol ) for the amorphous and d e -sPS films are similar, and greater than for the b-sPS film, because crystallization is promoted in the amorphous film during transport measurements. Nanopores in crystalline d e -sPS act as tunnels for the transport of toluene, whereas there are no such structures for b-sPS; and thus, the toluene flux is slower. The transport of 2-methynaphthalene is much slower in comparison to toluene, which can be attributed to molecular size. The diffusivity in the amorphous film is slightly larger than that for the d e -sPS, whereas no diffusion is observed in the b-sPS film because of the presence of deformed noncrystalline chains resulting from the high crystallinity. The N am sol for the amorphous film is larger than that for the d e -sPS film, because the pores in the d e -sPS are of insufficient size for the transport of 2-methynaphthalene.
INTRODUCTION
Syndiotactic polystyrene (sPS) is a material with unique properties, including high melting temperature, good chemical resistance and a nanoporous structure in the crystal unit. These properties make it attractive for use as a high-quality engineering thermoplastic. It has been well established that there are five crystalline forms of the molecular structure. The a (trigonal, unit cell a ¼ b ¼ 2.626 nm, c ¼ 0.504 nm). 1-3 and b (orthorhombic, unit cell a ¼ 0.881 nm, b ¼ 2.828 nm, c ¼ 0.551 nm) 4,5 forms assume an all-trans sequence, whereas the g (uncertain monoclinic suggested, unit cell a ¼ 1. [13] [14] [15] forms assume a trans-trans-gauchegauche (ttgg) sequence. The all-trans conformation is thermally stabilized with a melting temperature as high as 270 1C. 1-5 A crystal with ttgg conformation can be induced by casting from various solutions, including aromatic and chlorinated compounds. The d and e forms are characterized by the formation of complex structures with organic compounds. These crystals transform to the g form around 130 1C. [6] [7] [8] There are many studies of d-sPS because solvent molecules can be excluded from the unit cell by soaking in acetone or treating in supercritical CO 2 , without destroying the crystal. [16] [17] [18] [19] It is worth noting that the nanoporous structure of the crystal is maintained, with the solvent-free form denoted d empty -sPS (d e -sPS). 20, 21 The pore size has been reported to be 115 Å´3. 21 The sorption and desorption of organic solvents in the nanopores of d e -sPS were reported by Guerra and colleagues, 22, 23 Tsujita and colleagues [24] [25] [26] [27] and our group. 28, 29 This porous structure is very attractive not only from an academic but also from a practical view, because it is applicable as a sensor for detecting small amounts of organic solvents, adsorption of chemical compounds and so on. Diffusion of organic compounds in sPS can be classified as one of the two processes: transport in the amorphous phase, and transport in the pores of d-sPS. 22 Previously, we reported the diffusion of alcohol isomers with different molecular shapes in d e -sPS. 28, 29 Linear alcohols diffused the fastest, whereas branched alcohols were much slower, because the molecular size exceeded the pore size.
Transportation of organic compounds in polymer films is an important issue for the selective separation of organic compounds. We previously reported the separation of toluene from a hexane solution by diffusion through syndiotactic polypropylene films, which has four different crystallinities. 30 As toluene diffuses only in the amorphous phase of syndiotactic polypropylene but not in crystalline phase, the toluene diffusivity depended on the crystallinity.
As an expansion of that work, in this study, amorphous sPS films and films with different crystalline structures were investigated for mass transfer of toluene and 2-methylnaphthalene dissolved in hexane solutions. In addition, how the transport properties depend on the size of solvent molecule was compared between toluene and 2-methylnaphthalene.
EXPERIMENTAL PROCEDURE Materials
sPS was purchased Q1 from Idemitsu Petrochemical Co Ltd. The weight average molecular weight and polydispersity index were 2.4 Â 10 5 and 2.3, respectively. Hexane and 2-methylnaphthalene were purchased from Sigma Aldrich and toluene from Fisher Scientific.
Film preparation
Three types of films having different crystalline structures were prepared as follows: melt-quenched sPS film was prepared by quenching in ice water from the melt at 290 1C. Annealed sPS was obtained by gradually cooling to room temperature after melting at 290 1C. Cast sPS was obtained by evaporating the solvent from a 5 wt% sPS/chloroform solution and completely excluding the solvent in a vacuum oven for 24 h.
Film thickness was measured using Q2 a Mitutoyo Graplate. Ten sites were selected, and the thickness was measured at each location. The average of the 10 values, L m , was adopted as the thickness of the film.
Hexane flow measurements
Before acquiring the transport measurements, the films were checked for macroscopic pinholes, a very important step in order to determine an accurate diffusion coefficient for an organic solvent in a solid film. The sPS film was placed between two compartments: a hexane reservoir and a sink. A pressure drop of about 3 kPa was applied across the film by raising the hexane tank connected to the upstream compartment with tubing. The flow rate of hexane across the film was measured using a scaled capillary tube connected to the downstream compartment. Films were used in this study if they did not show any hexane flow.
Diffusion experiments
Diffusion experiments were carried out in a diffusion cell as described in a previous report. 30 The diffusion cell was separated into two compartments (reservoir and sink) by sPS film. The reservoir was filled with 10 mM toluene or 2-methylnaphthalene in hexane, while the sink was filled with hexane. The effective area of the film was 2.0 cm 2 . Both compartments were stirred vigorously in all the diffusion experiments using two magnetic stirrers covered with an adiabatic sheet at room temperature.
Measurements
X-ray diffraction spectra were carried out using Ni-filtered, Cu-Ka radiation (40 kV and 200 mA; Rint 2500, Rigaku, Tokyo, Japan). The measurements were carried out from 51 to 301, and data were collected at a rate of 21 min À1 , with a scan step of 0.021. Fourier transform infrared spectra were measured with a resolution of 2 cm À1 (FT-IR-660 Plus, JASCO, Tokyo, Japan). The spectra were measured at room temperature. UV-vis (UV) spectra were measured at room temperature (Cary-3, Varian, Tokyo, Japan).
Absorption coefficient for toluene and 2-methylnaphthalene
The concentration of toluene or 2-methylnaphthalene transported into the sink compartment was measured via UV spectroscopy. Absorption peaks at 261 and 319 nm were used for toluene and 2-methynaphthalene, respectively. The concentration of the organic compounds (c) was determined by using the Lambert Beer's law as follows Q3 (Equation 1):
here A, e and l denote the absorbance, absorption coefficient and path length, respectively. The relationship between absorbance and concentration was estimated as follows. The path length was fixed at 1 mm and the UV spectrum was measured in various concentrations of toluene and 2-methynaphthalene in hexane. Figure 1 shows the calibration curves for toluene and 2-methylnaphthalene. The absorption coefficients for toluene and 2-methynaphthalene were 1.84 Â 10 6 and 2.73 Â 10 6 , respectively. From this relationship, the concentration of toluene and 2-methylnaphthalene transferred from the reservoir to the sink was determined.
RESULTS AND DISCUSSION
Crystal structure and crystallinity Figure 2 shows the X-ray diffraction patterns of the annealed, cast and melt-quenched films. Typical diffraction patterns for the b-and d e forms were observed for the annealed and cast films, respectively. The melt-quenched film showed a broad diffraction pattern due to the amorphous phase. The degree of crystallinity (X c ) was obtained by calculating the integral intensity of the crystalline peaks (A c ) against the total area of the amorphous and crystalline components (A a þ A c ) as shown in Equation 2.
The results are listed in Table 1 . The crystallinity is 33.5% and 55.7% for the d e and b forms, respectively.
In this study, toluene and 2-methynaphthalene were used for transport measurements in the sPS films. These organic compounds promote crystallization of the d form of the crystal, which is featured by the complex structure between the sPS and the solvent molecule. [9] [10] [11] [12] Therefore, the degree of crystallinity was examined both before and after the transport measurement via infrared spectroscopy. Figure 3 shows the infrared spectra of the amorphous, d e -and b-sPS Toluene and 2-methylnaphthalene transport separated by sPS K Tanigami et al films before and after the transport measurement. The absorption peak at 572 cm À1 is a very sensitive indicator of the formation of the ttgg crystal. No peak was observed at 572 cm À1 for the amorphous film before the transport measurement, but the regular conformation was confirmed by the appearance of the 572 cm À1 band after the transport measurement for both toluene and 2-methynaphthalene.
The peak intensity at 572 cm À1 can be an index of the crystallinity. As estimated by X-ray diffraction measurements, the d e -sPS film has a crystallinity of 33.5% with an absorbance of 1.47 at 572 cm À1 . Therefore, Equation 3 was obtained relating the crystallinity and the absorbance at 572 cm À1 .
Here, A 572 and l denote the absorbance at 572 cm À1 and the film thickness (mm), respectively. The crystallinity after transport measurement is shown in Table 1 . After the transport measurements, the crystallinity for the amorphous film became 30.4 and 13.3% for toluene and 2-methynaphthalene, respectively. Transport of toluene induced a higher crystallinity, close to that of d e -sPS film, and the crystallinity induced by 2-methylnaphthalene was much lower. As the molecular size of 2-methylnaphthalene is larger than that of toluene, it is expected that crystallization to the d form featuring a complex structure between sPS and 2-methylnaphthalene would be comparatively restricted. The d e -and b-sPS films contain noncrystalline phases, thus it was expected that some of these noncrystalline sPS chains would be converted to d-form crystals when toluene molecules diffused through the noncrystalline region. However, the spectra acquired after the transport measurements appear almost identical to the original spectra. In fact, the crystallinity of the d e -sPS films increased only very slightly from 33.5 to 38.6% and 35.6% for toluene and 2-methylnaphthalene, respectively. This shows that further crystallization in the noncrystalline region of the d e -sPS film is almost prohibited. For the b-sPS film, there was no trace of induction of the ttgg conformation for either of the organic compounds, as shown in Figure 3(C2 and C3) . This means that the d form of the crystal was not induced in the noncrystalline region of the b-sPS film. These results indicate that the noncrystalline chains in the d e -and b-sPS films are different from those in the amorphous film. Namely, the noncrystalline chains are tightly connected in a three dimensional network structure consisting of crystalline regions as cross-linking points. This prohibits further crystallization.
Diffusion of toluene in the sPS films
Transportation of toluene in the sPS films was observed as a function of time via UV spectroscopy. The absorbance was converted to concentration using the calibration curves, and the data are plotted in Figure 4 . The lag time y, which corresponds to the time that toluene diffuses across the sPS film, is estimated by extrapolating the linear portion of the curve until it intersects the time axis. The lag time for the amorphous sPS film was as short as 2 min. By contrast, the lag time was much longer for the d e -and b-sPS films, whose lag times were 4.0 and 48 h, respectively. The average diffusivity D of toluene in the film was estimated using Equation 4: 30
where L m is the average film thickness. As the sPS film is swollen by toluene, the film thickness after transport measurement was adopted, because this length corresponds to the actual mass transport thickness. The film thicknesses before and after the transport measurements are shown in Table 2 , along with the diffusivity estimated using Equation 4. The diffusion of toluene in the amorphous film was the fastest of these films. This is because there is no hindrance from crystals, although crystallization to the d form was promoted after toluene transport. The diffusivity for the d e -and b-sPS films was smaller because of the existence of crystalline regions. As reported in our previous paper concerning toluene transport in syndiotactic polypropylene film, 30 the lag time strongly depends on the level of crystallinity, and the crystallinities of d e -and b-sPS are 38.6 and 55.7%, respectively. Therefore, the diffusivity of the b-sPS film was smaller, on the order of 10 2 , than that of the d e -sPS film.
From the slope of the line in the range t4y in Figure 4 , the average flux of toluene, N sol was calculated using Equation 5: 31
where C s , V s and A m denote the concentration of toluene in the sink, the volume of the sink and the film area, respectively. The N sol values are listed in Table 2 . The amorphous film provided the largest N sol , and the flux for the b-sPS film was the smallest. As toluene diffuses in the noncrystalline region, the flux was estimated to be equal to the transport in the noncrystalline region (
These results are also given in Table 2 . As the crystallinity after transport measurement was almost the same for the amorphous and d e -sPS films, the N am sol of toluene is also on the same order of magnitude (10 À10 ). The N am sol for the b-sPS film was one order smaller. This can be explained by the following two reasons: one is the differences in the deformed noncrystalline chains of d e -and b-sPS. As the crystallinity of b-sPS is higher than that of d e -sPS, the noncrystalline chains connected by crystalline regions would be more deformed. This reduces the flux of toluene. The other reason involves the Toluene and 2-methylnaphthalene transport separated by sPS K Tanigami et al transport of toluene in the pores of d e -sPS. In fact, the diffusion in the pore of d e -sPS has been reported by Guerra and colleagues. 22, 23 The porous structure acts as tunnels for the transport of toluene, which is small enough, allowing for a higher flux of toluene.
Diffusion of 2-methylnaphthalene in sPS films
Next, the diffusion of 2-methylnaphthalene in hexane across sPS film was investigated. Figure 5 shows the concentration versus time of 2-methylnaphthalene in the sink. The diffusivity is listed in Table 3 . The transport of 2-methylnaphthalene is significantly different from that of toluene. In the case of toluene, the lag time in the amorphous sPS film was very fast but that of 2-methylnaphthalene in the amorphous sPS film was as slow as 1.50 h. Similar to toluene, 2-methylnaphthalene induced the formation of d-form crystal in the amorphous film as shown in Figure 3 (A3). However, the peak intensity at 572 cm À1 was not as strong as that of d e -sPS. The crystallinity was as low as 13.3%. This is because the bulkiness of 2-methylnaphthalene makes it difficult to form the complex structure with sPS. In addition, the free volume in the amorphous chains of sPS is too small for 2-methylnaphthalene transport. Dammert et al. 31 estimated that the free volume of amorphous sPS is about 110 Å´3. The volumetric sizes of single molecules of toluene and 2-methylnaphthalene are 177 and 237 Å´3, respectively. Because the film is swollen, the free volume would be expected to be larger, and thus, toluene would be easier to transport in the free volume of sPS, but transport of 2-methylnaphthalene would be more difficult. Therefore, the relationship between the molecular size of 2-methylnaphthalene and the free volume of sPS resulted in slow diffusion, in contrast to the diffusivity of toluene. The diffusivity in the d e -sPS film was slower than in the amorphous film. The crystallinity of d e -sPS film is much higher than that induced in the amorphous film after the transport measurements. This results in smaller diffusion in the d e -sPS film. It is worth noting that no transport of 2-methylnaphthalene was observed for the b-sPS film even after 120 h. The infrared spectrum in Figure 3 (C3) shows that the noncrystalline chains in the b-sPS film were not induced to form the d-form crystal. Therefore, the lack of transport can be explained by the molecular size of 2-methylnaphthalene. The free volume of the noncrystalline region of the b-sPS film would not have enough space to accommodate 2-methylnaphthalene diffusion.
The N sol and N am sol of 2-methynaphthalene are listed in Table 3 . The N am sol for the amorphous film after inducing d-form crystal was about five times larger than that for the d e -sPS film. The newly crystallized d-sPS contains 2-methylnaphthalene in the unit cell, and this space is large enough for other 2-methylnaphthalene molecules to transport through the pore. In other words, the pore structure acts as a tunnel for the transportation of 2-methylnaphthalene. These large pores are maintained during transport measurement. This makes it possible for 2-methylnaphthalene to transport through the pore. However, the pores in d e -sPS film are small after excluding m-xylene not large enough for 2-methylnaphthalene transport, and this lack of transport through the pores of the d e -sPS crystal results in a smaller flux. For 2-methylnaphthalene, the diffusivity and mass flux through the sPS films show almost the same trend as for toluene; however, the values are much smaller. This is because 2-methylnaphthalene is 1.3 times larger than toluene. The diffusivities for the amorphous and d e -sPS films were almost the same, but no diffusion is observed for the b-sPS film, even after 120 h. This is again due to the large molecular size of 2-methylnaphthalene, as well as the deformed noncrystalline chains connected by crystalline regions in b-sPS. This result can be applicable for the separation of toluene and 2-methylnaphthalene. The N am sol for the d e -sPS is five times smaller than that for the amorphous film. The pore size in d e -sPS is not large enough for 2-methylnaphthalene transport, but the d-sPS induced in the amorphous film contains 2-methylnaphthalene in the unit cell, and this space can be used for the transport of 2-methylnaphthalene.
